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Introduction
With the rising concerns over the depletion of the non-renewable energy resources and the negative environmental impact of their use, the research regarding energy savings and energy efficiency has been brought into fore. Building sector accounts for about 40% of energy consumption and around 30% of greenhouse gas (GHG) emissions in the U.S. [1] and the EU statists reported similar numbers in Europe, China and India [2] . Therefore, building sector has been identified with significant potential for energy efficiency enhancement in recent studies. Occupant preferences for indoor comfort and their energy related behaviors have great influence on building energy consumption and indoor environment. Hence, it is recommended to find approaches that improve the energy efficiency while still maintain the indoor comfort. Residential buildings are considered among the largest consumers of energy consumption and are the subject of this research.
Previous studies already provided a framework regarding the impact of occupants' factors on energy consumption and environment in the residential buildings. Several important occupants' values regarding energy use, indoor thermal comfort, visual comfort etc. have been identified and examined in previous studies [3, 4] . Previous studies reported that occupants' factors such as occupancy level, window adjustment behaviors, energy system control have big effect on the energy performance and indoor comfort in buildings [1, 2, [5] [6] [7] [8] [9] . In addition, regulations and policies based on occupants' factors proved their efficiency to optimize the building energy use [10] . Different approaches were applied to assess the relationship between the occupants' behaviors and energy use in buildings [1, [11] [12] [13] [14] . However, due to the dynamic nature and complexity of the occupants' behaviors, up-to-date research outcomes have not fully filled the research gap to correlate the building occupants' behaviors, their indoor comfort and the energy consumption [2] .
In this study, an experiment was conducted in a typical residential building in Qatar aiming at evaluating the building energy performance in respect to the occupants' indoor comfort and their energy related behaviors. This paper presents portion of the experiment findings and the result analysis is intended to provide insight into the occupant-centered building energy performance of a typical residential house in the hot tropical area.
Methodology

Experiment Facility and Instrumentation
In this study, a three-bedroom apartment, located in Doha, Qatar, with a cross area of 205 m 2 was chosen to be the experiment facility. This apartment is occupied by 3 adults and 2 kids. As shown in Fig.1 , this apartment includes one living room, three bedrooms, one kitchen and three restrooms. Details about the house equipment models and power ratings are provided in table1. Two split AC units serve the living room, whereas the other rooms are served by a single AC unit except the restrooms, therefore the whole space is divided into five zones accordingly as shown in table 2. The room dry bulb temperature and relative humidity are monitored for all five zones. Taking into account their high usage rate, CO 2 levels in the master bedroom and the living room along with the air quality in the living room are also monitored. Twelve power meters are mounted in the electricity distribution board to monitor the energy consumption of the house. One meter is dedicated to measure the total house power consumption, six meters are used to monitor the ACs power consumption and the other five are assigned to the lighting monitoring. Three state data loggers are used to capture the windows open/close status, which are used along with the survey feedbacks to capture the occupants' actions. As reported by the house's owner, the mostly used windows are located in the living room, the master bedroom and bedroom 1, in which the state loggers are installed as shown in Fig.1 . 
Experiment Conduction
According to the pre-survey results, it was found that the energy consumption peak occurred during the month of September in the past calendar year. Although the hottest season in Qatar is usually from July to August, this observation is still reasonable since during these months, the occupants took vacation, which resulted in the power demand. To capture the occupants' behaviors, the monitoring time interval of the sensing system was set to 15 minutes. In addition to the physical sensors and meters listed in section 2.1, a questionnaire is utilized to collect the occupants' preferences towards their indoor comfort and their reactive energy related behaviors such as turn on/off ACs and open/close windows etc. The survey includes 12 questions, which cover the occupants' perception towards indoor thermal, visual and air quality comfort, their reactive actions, indoor activities and clothing levels with time stamp. It only takes the occupants 2-3 minutes to fill one. Some indoor thermal discomfort conditions were generated through forcing the zone temperature set point to a high limit of 26°C and a low limit of 18°C from time to time, under which situation the occupants were pushed take some actions to achieve their desired indoor comfort conditions and therefore provide us chances to capture the occupants' energy related behaviors, indoor comfort preferences as well as other environment parameters.
Before the experiment conduction, a system commissioning was carried out for one week to test and verify the AC devices and experiment sensors. This procedure is to make sure that the AC units are powerful enough to cool down the house and generate some discomfort indoor conditions for the occupants. Three test scenarios are included in the commissioning process. First, all the internal doors in the house are kept open while all the AC set points to be set as 16 °C in the morning and 26 °C in the afternoon for the first day and vice versa in the next day. In the second scenario, all the internal doors are kept closed and the set points are set as the first case. Thirdly, all the internal doors are kept as the normal daily life status, some doors are mostly closed and others are mostly open while the set points are also set as the first case. The commissioning results showed that all the ACs are in good condition and can support the experiment conduction.
Once the experiment began, the house occupants were asked to fill the survey on a daily basis whenever they feel any discomfort and to record their actions to overcome this discomfort like open/close window, turn on/off devices etc. The AC set point was scheduled to be 18 °C at 7AM and 26 °C at 2PM during the weekdays to generate the thermal discomfort, so the occupants could take some reactive actions to achieve preferred indoor comfort. The survey feedback and the sensed data were checked every day to ensure the quality and validity of the collected parameters.
Result Discussion
House Energy Consumption
The house energy consumption break-down during the experiment period is shown in Fig. 2 . During the experiment period, the total energy consumption of the house is 1291 kWh with AC energy consumption as 1040 kWh, lighting energy consumption as 34 kWh and plug load energy consumption as 217 kWh. According to the above information, the AC units account for up to 80% of the total energy consumption while the lighting system is only limited to 3% of the total energy consumption. This observation revealed a unique energy use pattern in this hot climate zone that is quite different from the US and European residential houses.
Figure 2. House Eenergy Consumption Break-down
To better understand the power usage pattern of this residential house and how the occupant behaviors may impact the building energy performance, the power consumption profiles for a typical week day and weekend were plotted respectively and shown in Fig. 3 and Fig. 4 . During the daytime of the working day, only one adult and one child would stay at home. It should be noticed that the pre-scheduled AC unit set points were applied to the system for the experiment purpose during the week days. A big power consumption increase was observed around 7AM when the AC set point was set to be 18 °C. At about 9AM, the AC power consumption became zero, which indicated that all of the AC units were turned off by the occupants, through which the impact of the occupant behavior on the power usage was revealed. At about 12PM, the AC units were turned on and the set points were set to be 26 °C, and the AC power consumption increased once more at around 2PM, which is the hottest time during the day. It was also observed that the lighting devices were only used in the early morning and after the evening. The peak of the plug load power consumption occurred around 11:30PM. Fig. 4 showed the power usage pattern of the house during the weekends. During this period, three adults and two kids would occupy the house. No prescheduled set points were applied to the AC system. The peak hour of the AC power consumption occurred in the afternoon and mostly likely it followed the outdoor weather conditions. The lighting power usage and plug load usage of the weekend were higher than that of the week days, which is reasonable considering the increased occupancy rate and higher activity levels during the weekends like laundry, house cleaning and more cooking, more computer and TV use. It was also observed that there was an abrupt increase of plug load power consumption around 9:20 PM during nighttime, similar to the week day use pattern. 
Occupants preferences
Over the picked experiment period, a total of 120 effective survey feedbacks from the occupants were collected. Preliminary analysis of the feedback data regarding some parameters are carried out. The occupants reported their perception of the thermal comfort. The options are based on ASHRAE standard thermal comfort 7-point scale [15] , which allows the occupant to rate their thermal comfort perception from hot to cold. The thermal comfort perception result for two occupants is shown in Fig. 5 . The bar chart showed response counts under each evaluation category for the two occupants. The marked line showed the average room temperature of all the responses under each evaluation category for both occupants. It was observed that the occupant 1's perception regarding the indoor thermal comfort showed a clear correlation with the room temperature. Overall, occupant 1 was inclined to feel colder with decreasing indoor temperature. The occupant 2's feedbacks, however, didn't support this finding and no clear relationship between her thermal comfort perception and the room temperature was found. It is revealed that the occupant 2's perception of thermal comfort was highly impacted by other factors such as her indoor activity levels. Fig.6 showed the satisfaction levels with the indoor thermal comfort of these two occupants and Fig. 7 showed their reactive actions towards their thermal discomfort. Overall occupant 1 was not satisfied with the indoor thermal comfort while the occupant 2 was satisfied with it. According to Fig. 7 , turn on/off AC is the most frequently used way to avoid the thermal discomfort. Otherwise, occupant 1 tends towards changing her clothes whereas occupant 2 preferred to adjust the window to compensate this comfort issue. Both occupants reported that the relative humidity and the air quality were about right for them. They did not take any action to improve the indoor air quality, which is aligned with the CO 2 sensor readings. 
Figure 7. Occupants actions towards thermal discomfort
Visual comfort is another important factor to evaluate the indoor comfort, which is also correlated with the building lighting power consumption. The two occupants' feedbacks regarding their indoor visual comfort are shown in Fig. 8 .
Figure 8. Occupants feedback regarding the indoor visual comfort
It was observed that occupant 1 felt dim in most cases when she went through some indoor visual discomfort, while occupant 2 felt the room is always more or less bright. Fig. 9 . showed the actions that occupant 1 may take during the experiment period when she went through some visual discomfort, according to which, most of the time occupant 1 didn't felt the need to take any action to improve the visual comfort and adjusting curtain was her favorite way to compensate the visual 
Conclusion
An experiment was conducted in a residential house to capture the occupants' energy related behaviors and to identify the impact of occupants' behaviors have on the building energy performance with respect to their own indoor comfort. The house energy consumption and environmental parameters were monitored using power meters and sensors; occupants' preferences regarding their indoor comfort, their satisfaction level with indoor environment, and their energy related actions were collected using the questionnaire survey, which they filled on daily basis. The results of this study can be summarized as follows:
-This study provides supplementary support to prove that building occupant behavior should be considered as important factor for building energy performance evaluation, especially in residential buildings, where the occupants have more control of the building energy systems.
-The experimental data showed that in this Qatar house, 80% of the energy was consumed by the air conditioning system while lighting only accounted for 3% of the total energy usage. More energy was used by the plug-in load during the week-ends than that of the weekdays. -The indoor environment condition measurements and the occupant survey feedbacks provided more insight into the residential house occupants' indoor comfort preferences and satisfaction levels with the indoor comfort.
-The interactions among the house energy consumption, occupants' comfort and occupants energy related behaviors were clearly revealed by the result.
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